ABSTRACT: The gills of 31 skipjack tuna Katsuwonus pelamis (L.) caught in the Alboran Sea (western Mediterranean Sea) were examined for metazoan parasites, and the gills of 4 specimens from the Balearic Sea (also western Mediterranean Sea) were analysed for comparative purposes. Nine species of parasites were found, including 8 didymozoid trematodes (Atalostrophion cf. biovarium, Didymocylindrus filiformis, Didymocylindrus simplex, Didymocystis reniformis, Didymoproblema fusiforme, Didymozoon longicolle, Koellikeria sp. and Lobatozoum multisacculatum) and 1 caligid copepod (Caligus bonito). Koellikeria sp. and L. multisacculatum were not recorded in the Balearic Sea. Most of the parasites (79.2% of all specimens) were didymozoids. Didymozoon longicolle was the dominant species; A. cf. biovarium, D. simplex, D. fusiforme and L. multisacculatum are reported from the Mediterranean Sea for the first time. No correlation was found between the intensity of infection of any parasite species and host size or sex. Most of the parasites, particularly didymozoids, showed a high site-specificity. Significant differences were found between the parasite assemblages of K. pelamis from the Alboran Sea and from the Atlantic Ocean. D. fusiforme, D. longicolle and L. multisacculatum are suggested as potential tags to follow skipjack tuna migrations between the Atlantic Ocean and Mediterranean Sea.
INTRODUCTION
The skipjack tuna Katsuwonus pelamis (Linnaeus, 1758; Osteichthyes: Scombridae) is an opportunistic predator that inhabits the tropical and warm temperate waters of all oceans (Collette & Nauen 1983) . The range of this fish in the Atlantic Ocean is from 40°N to 32°S, from the surface to about 260 m depth. Its distribution is influenced by water temperature (optimum range from 15 to 30°C; Evans et al. 1981) . The skipjack tuna spawns when the surface temperature is ≥24°C, and its spawning season varies according to locality (Cayré & Farrugio 1986 ).
In the eastern Atlantic Ocean, this tuna spawns year round in the equatorial area from the Gulf of Guinea to 20−30°W, while it spawns only in the warm season in the tropical area. In the Mediterranean Sea the skipjack tuna has been traditionally considered occasional (Postel 1963 ), but reported its presence in the western Mediterranean Sea throughout the summer, where it seems also capable of spawning . In the western Atlantic Ocean, this tuna spawns in 2 main subtropical areas off the coast of South America, and its migration is influenced by season (Andrade & Santos 2004) .
The skipjack tuna fishery is the fourth largest in the world (2.4 million t in 2008, 1.4 million t of which is from the Atlantic Ocean, and 80 t from the Mediterranean Sea; FAO 2010). The International Commission for the Conservation of Atlantic Tunas (ICCAT) manages this fishery, dividing it into western and eastern (including Mediterranean Sea) stocks, with the boundary at 30°W (ICCAT 2006) .
Despite the great economic importance of this fish and the several studies that have been undertaken with respect to the species worldwide, little is known about its biology or migrations in the Mediterranean Sea (Di Natale et al. 2009 ).
In several fish species, parasites have been used successfully to examine differences between host populations and to study migration patterns (Lester 1990 , MacKenzie & Abaunza 1998 , Lester & MacKenzie 2009 ). Nakamura & Yuen (1961) studied the distribution of the digenean Hirudinella ventricosa (Pallas, 1774) in the Pacific skipjack tuna, showing differences among fish caught from different areas. Watertor (1973) found variations in the distribution of H. ventricosa in skipjack tuna from Brazil, Florida and West Africa. The gill parasites of tunas are often used as biological tags, because gills are not affected by handling, can be easily dissected during evisceration and do not have any commercial value (Rodríguez-Marín et al. 2008 , Mele et al. 2010a ). The parasite assemblage of the gill of Katsuwonus pelamis varies between the Indo-Pacific and the Atlantic Oceans (Lester et al. 1985 , Alves & Luque 2006 , and is dominated by didymozoids (Skrjabin 1955 , Lester et al. 1985 , but also includes monogeneans and copepods (Bussiéras & Baudin-Laurencin 1973 , Cressey & Cressey 1980 , Alves & Luque 2006 .
The aim of the present study was to investigate the metazoan gill parasites of the skipjack tuna from the Alboran Sea (western Mediterranean) and to evaluate their possible use as biological tags.
MATERIALS AND METHODS
Between July and September 2008, 31 skipjack tuna caught by trolling in the Alboran Sea (in an area extending from 36.01 to 36.09°N, and from 4.40 to 4.60°W) were examined for parasites. Immediately after landing, fish were measured, weighed and sexed (fork-length range from 57.5 to 68.0 cm; totalweight range from 4.2 to 6.4 kg; 14 males and 17 females). Four other specimens of skipjack tuna (2 males and 2 females) caught off the island of Majorca (Balearic Sea, western Mediterranean Sea; area extending from 38.9 to 39.7°N, and from 2.4 to 3.6°E) were examined for comparative purposes. Fork length of these specimens ranged from 58.0 to 66.5 cm and total weight from 4.0 to 6.3 kg.
The gills of all specimens were excised, stored individually in plastic bags and frozen at -20°C.
In the laboratory, the gills were defrosted and examined under a stereo microscope for metazoan parasites. Location of the parasites was recorded according to Mele et al. (2010a;  Fig. 1 ): holobranchs were numbered from 1 to 4 (from the anteriorexternal to the posterior-internal), and their surfaces labelled from A to D. All parasites were counted and stored in 70% ethanol. For microscopic analysis and species identification, parasites were prepared according to standard protocols (Cribb & Bray 2010) . Fresh and mounted parasites were micrographed and measured with a digital system connected to a microscope and stereomicroscope. References used for species identification included, for didymozoids, Ishii (1935) , Skrjabin (1955) and Pozdnyakov & Gibson (2008) , and, for copepods, Cressey & Cressey (1980) and Kabata (1992) .
Prevalence (percentage of infected hosts, P%) and mean intensity (mean number of parasites per infected host, mI) of infection of each parasite species were calculated according to Bush et al. (1997) . CI of prevalence and mean intensity were calculated with Sterne's exact method and the Efron-Tibshirani bootstrap, respectively, and their differences evaluated with Fisher's exact test and bootstrap test, respectively, using Quantitative Parasitology 3.0 software (Reiczigel & Rózsa 2005) . Levels of infection were calculated according to sex and location on the host. To evaluate possible correlations between the host size and intensity of infection, Spearman's rank cor- relation coefficient was tested with Student's t-test (Zar 1996) . Results were compared with data previously published; dominance (proportional abundance of the most abundant species) was calculated with the Berger-Parker index (d) (Maguran 2004); community similarity was evaluated using Jaccard (J) and Sørensen (QS) indices (Magurran 2004) . Voucher material (nos. SKJ2008.0002-0511) was deposited in the collection of the Sezione di Parassitologia e Malattie Parassitarie, Dipartimento di Biologia Animale, Università di Sassari.
RESULTS
Nine species of parasites (didymozoids and copepods) were found on the gills of the 31 skipjack tuna from the Alboran Sea (Table 1 ). All the fish examined were infected by at least one parasite species.
Most of the parasites (79.2% of all specimens) were adult didymozoids, represented by Atal o strophion cf. biovarium, Didymocylindrus filiformis, Didymocylindrus simplex, Didymocystis reniformis, Didymoproblema fusiforme, Didymozoon longicolle, Koellikeria sp., and Lobatozoum multisacculatum. Copepods (20.8% of all specimens) were represented only by the caligid Caligus bonito (chalimi and adults). D. longicolle was the dominant species (d = 0.64), showing the highest prevalence and mean intensity (P% = 94%, mI = 9.2), followed by C. bonito (P% = 77%, mI = 3.6). No significant differences of prevalence and mean intensity were found between host sexes, and no significant correlation was found between intensity of infection and host size. The parasites of the 4 specimens caught off Majorca are given in Table 1 ; Koellikeria sp. and L. multisacculatum were not recorded in the Balearic Sea samples. Table 1 . This table also shows qualitative data from the Caribbean Sea (Lester et al. 1985) and the central-eastern Atlantic Ocean (Cissé et al. 2007 ). Mediterranean (including both the Alboran and Balearic Seas) and south-western Atlantic hosts showed a higher number of species than the other Atlantic areas. Allopseudoaxine macrova (Unnithan, 1957) and Capsalidae gen. sp. (found only in the Atlantic Ocean), Didymocylindrus simplex (found mainly in the Mediterranean Sea) and Didymozoon longicolle (found only in the Mediterranean Sea) showed significant differences of prevalence between the Alboran Sea and the south-western Atlantic Ocean.
Analysis of similarity showed that the Alboran gill parasite community more closely resembled the Caribbean community (J = 0.44; QS = 0.62) than the south-western (J = 0.20 and QS = 0.33) or centraleastern Atlantic (J = 0.00 and QS = 0.00; Table 2) communities.
No significant differences in P% or mI were observed between left and right gills. Fig. 2 shows the distribution of the didymozoids on the gill filaments. Atalostrophion cf. biovarium was found in the connective tissue near the blood vessels of the gill arches. Didymocylindrus filiformis was encysted in the proximal part of the outer margins of holobranch gill filaments (not found in the second one), with significant difference in mI between the first and third holobranchs. Didymocylindrus simplex was found in the first third of the outer sides. Didymocystis reniformis and Koellikeria sp. were located on the gill arches. Didymoproblema fusiforme formed cysts hanging by a filiform process attached to the base of the free portion of the inner margins of the gill filament. Didymozoon longicolle was encysted in the first third of the inner margins of the gill filaments, and its prevalence was significantly higher in the first and second holobranchs. Lobatozoum multisacculatum was found in the middle third of the outer margins of gill filaments. Chalimi of Caligus bonito were attached by their frontal filaments to the base of the gill rakers of the first and second holobranchs, with significantly higher prevalence on the first one, while adults were found on the gill filaments, with significantly higher prevalence on the outer margins (A and D; Fig. 1 ) of the second holobranch.
DISCUSSION
The metazoan parasite fauna on the gills of the skipjack tuna from the Atlantic Ocean and Mediterranean Sea includes a total of 16 species or other Histogram bar: prevalence; f: mean intensity. Letters on x-axis refer to location on gill filament margins, as in Fig. 1 taxa. Among them, Atalostrophion cf. biovarium, Diplotrema pelamydis and Didymocylindrus simplex may be considered specialists, being reported only in this host (Skrjabin 1955 , Lester et al. 1985 , Justo & Kohn 2005 . Most of the parasites of the skipjack tuna show a wide geographical range, being found from the equator to the temperate latitudes of the Atlantic and Pacific Oceans, and they infect more than one host species: Didymocylindrus filiformis has been reported in Pacific Katsuwonus pelamis and Thunnus orientalis (Ishii 1935) , in Caribbean K. pelamis (Lester et al. 1985) and in Mediterranean Thunnus thynnus (Mladineo et al. 2008 ). The copepods Caligus bonito, C. pelamydis and Pseudocycnus appendiculatus have been found in several scombrids from all oceans (Cressey & Cressey 1980 (Ishii 1935 ) and south-western Atlantic K. pelamis (Justo & Kohn 2005) . Lobatozoum multisacculatum has been found in Pacific K. pelamis and T. orientalis (Ishii 1935) and in south-western Atlantic Euthynnus alletteratus and K. pelamis (Alves & Luque 2006) . Caligus productus has been found in several tropical scombrids from all oceans (Cressey & Cressey 1980) . Other species seem to have a more narrow range. Didymocystis reniformis has been found only in T. thynnus from the Mediterranean Sea (Culurgioni et al. 2007 ) and in Thunnus alalunga from the Gulf of Biscay (Dollfus 1952) ; K. pelamis is a new host for this parasite. Didymozoon longicolle has been reported in several scombrids from the Pacific Ocean (Ishii 1935) , but in the Atlantic area it has been collected only in T. thynnus and T. alalunga from the Mediterranean Sea (Mladineo et al. 2008 , Mele et al. 2010a , and in Thunnus albacares from the Gulf of Mexico (Nikolaeva & Parukhin 1968) . This study is the first contribution to knowledge of the gill metazoan parasites of Katsuwonus pelamis from the Mediterranean Sea; this is also the first time that Atalostrophion cf. biovarium, Didymocylindrus simplex, Didymoproblema fusiforme and Lobatozoum multisacculatum have been reported from the Mediterranean Sea. Most of the gill parasites of K. pelamis from the Alboran Sea are didymozoids, with Didymozoon longicolle as dominant species. A clear dominance of didymozoids was also observed in Thunnus alalunga (Jones 1991 , Mele et al. 2010a , T. albacares (Lardeaux 1982) and T. thynnus (Rodríguez-Marín et al. 2008) , suggesting that tunas are among the preferred hosts for didymozoids (Nikolaeva 1985) . The parasite assemblage from the Alboran Sea seems to be more similar to that of the Caribbean Sea than those of other Atlantic areas, but the results may be somewhat biased by the fact that the number of samples from the tropical areas has been small (particularly from the Caribbean Sea and central-eastern Atlantic Ocean). D. fusiforme and L. multisacculatum, the only 2 didymozoids found in both Alboran and south-western Atlantic skipjack tuna, showed similar values of prevalence in both localities. This may be due to the occurrence of these parasites only in the tropical Atlantic areas (centraleastern and south-western Atlantic Ocean) and their presence in tuna from the Alboran Sea only after host migration; this hypothesis is supported by the record of these parasites in other tropical tunas (Bussiéras & Baudin-Laurencin 1973 , Justo & Kohn 2005 , Alves & Luque 2006 and their absence in any other Mediterranean host (Dollfus 1926 , Mladineo et al. 2008 , Mele et al. 2010b ). The significant differences in prevalence of D. simplex and D. longicolle (recorded only in Alboran hosts) and Allopseudoaxine macrova and Capsalidae gen. sp. (only in south-western Atlantic hosts) suggest that the presence or absence of these species is characteristic of each locality. However, the presence of unidentified Didymozoon sp. in both the central-eastern and south-western Atlantic Ocean (Bussiéras & Baudin-Laurencin 1973 , Alves & Luque 2006 suggests caution, because these parasites may also belong to the species D. longicolle. The absence of A. macrova and Capsalidae gen. sp. in skipjack tuna from the Alboran Sea could be due to their loss when tuna migrate from the area where these parasites are endemic (i.e. tropical areas of the Atlantic Ocean) to the higher latitudes, where the parasites may find the conditions unsuitable (MacKenzie & Abaunza 1998) .
Because the size of fish sampled from the Alboran Sea and the south-western Atlantic Ocean (Lester et al. 1985 , Alves & Luque 2006 ) is similar, size should not to be considered as having explained the differences between areas.
The parasites on the gills of Katsuwonus pelamis from the western Mediterranean Sea show a high site specificity, particularly with regard to didymo-zoids; in fact, these parasites occupy almost every microhabitat available on this organ, without niche overlapping between species. Most of the didymozoids were found encapsulated, except Atalostrophion cf. biovarium, which was found free in gill connective tissue. These differences in site specificity may be due to different feeding and egg-release strategies, developed during phylogenetic evolution (Lester 1980 , Mladineo et al. 2010 ). Caligus bonito also shows site specificity on the gills of the skipjack tuna; according to Lo & Morand (2001) , the significant differences in locations between adults and chalimi of C. bonito reflect different ecological requirements.
Didymozoids, in spite of their complex systematics, difficulty of identification and the lack of information regarding their life cycles, have often been proposed as tags (e.g. Lester et al. 1985 , Oliva et al. 2008 , Mele et al. 2010a , Mladineo et al. 2010 . In fact, these parasites can remain recognizable in host tissues for a long time (permanent to semipermanent parasites, sensu Lester et al. 1985) . They also have a marked sitespecificity that facilitates detection and species identification (Rohde 2002 ) and cause few pathological alterations (Mladineo 2006) . Lester et al. (1985) observed differences in the parasite assemblages of the skipjack tuna, considering the gill parasites Didymocylindrus filiformis, D. simplex, Didymoproblema fusiforme and Lobatozoum multisacculatum as possible tags to show the trophic migration from tropical water to New Zealand, and to distinguish one area's skipjack tuna populations from those of another area. The record of D. fusiforme and L. multisacculatum in the Alboran Sea supports the hypothesis of migration of skipjack tuna from the Atlantic Ocean into the Mediterranean Sea, as assumed by the current stock management strategy (ICCAT 2006) . Moreover, the absence of significant differences between the prevalence of D. fusiforme and L. multisacculatum between tropical and Alboran samples suggests that the lifespan of these parasites could be longer than the duration of the host migration. The high P% and mI of Didymozoon longicolle in Katsuwonus pelamis from the Alboran Sea, which is also found in other Mediterranean tunas (Mladineo et al. 2008 , Mele et al. 2010b ) and in Thunnus albacares from the Gulf of Mexico (Nikolaeva & Parukhin 1968) , suggests that this didymozoid could be useful for following the specimens of K. pelamis that leave these areas. Nevertheless, the location of D. longicolle (inside the gill tissue) makes its detection difficult, perhaps explaining the lack of attention to it in some studies. Monogeneans and caligids should be considered carefully as tags, because they are easily dislodged during dissection, they have a short lifespan, and the host can lose them when migrating to areas with conditions unsuitable for the parasites.
